Abstract Here we present the first record of Sr/Ca variability in a massive Porites lutea coral from the Lakshadweep Archipelago, Arabian Sea. The annual mean sea surface temperature (SST) in this region and the surrounding areas has increased steadily in the recent past. During some major El Niño events, SSTs are even higher, imposing additional thermal-stress on corals, episodically leading to coral bleaching. We infer from the coral-Sr/Ca record ) that during some of these events high and persistent SSTs lead to a dampening of the temperature signal in coral-Sr/Ca, impairing the coral's ability to record full scale warming. Thus, coral-Sr/Ca may provide a history of past El Niño Southern-Oscillation (ENSO) induced thermalstress episodes, which are a recurrent feature also seen in cross-spectral analysis between coral-Sr/Ca and the Nino3.4 index. Despite the impact of episodical thermal-stress during major El Niño events, our coral proxy faithfully records the seasonal monsoon-induced summer cooling on the order of 2.38C. Calibration of coral-Sr/Ca with instrumental grid-SST data shows significant correlation to regional SST and monsoon variability. Hence, massive Porites corals of this region are highly valuable archives for reconstructing longterm changes in SST, strongly influenced by monsoon variability on seasonal scales. More importantly, our data show that this site with increasing SST is an ideal location for testing the future effects of the projected anthropogenic SST increase on coral reefs that are already under thermal-stress worldwide.
Introduction
Coral reefs are becoming increasingly vulnerable due to rising global sea surface temperatures (SSTs) resulting from a combination of global climate change and human impacts [Donner et al., 2005 [Donner et al., , 2007 Eakin et al., 2008; van Hooidonk et al., 2012] . Most of the reef-building corals grow optimally when SSTs are between 25 and 298C [Kinsman, 1964] ; with an average distribution of corals between 23 and 298C [Lalli and Parsons, 1995] . However, the upper SST limit for coral growth depends on local conditions and may not be fixed in time and space for any given species [Berkelmans, 2001] . In addition, the upper thermal limit may vary due to taxonomic differences, adaptation or regional differences [Berkelmans and Willis, 1999] . Kinsman [1964] found 11 coral species (including Porites lutea) surviving temperatures up to 368C in the reefs along the Trucial Coast, Persian Gulf where the maximum SST rose as high as 408C. However, major bleaching events resulting from elevated SSTs have been reported from this region in recent years [Burt et al., 2013; Coles and Riegl, 2013] . Thus, in settings where the local summer surface water temperatures are already close to the upper limit, a further increase of 18C in SST above the average summer maximum can cause coral bleaching [Goreau and Hayes, 1994; Donner et al., 2005] , endangering these rich ocean ecosystems. The steady increase in global SSTs since the 1980s [Hansen et al., 2006] and the occurrence of more frequent El Niño events have increased the frequency of wide-spread coral bleaching episodes across the tropics [Wilkinson and Souter, 2008] . For example, the El Niño event of 1997/1998 caused mass bleaching of corals in the Great Barrier Reef [Baird and Marshall, 1998 ] and also severely affected corals in the Indian Ocean [Wilkinson, 1998] . It resulted in wide spread coral bleaching (around 82% of the coral cover) in lagoonal reefs of Lakshadweep Archipelago in the Arabian Sea [Arthur, 2000] . Coral bleaching and its influence on coral-Sr/Ca (anomalous low Sr/Ca-derived SSTs) have been reported by Marshall and McCulloch [2002] . Thermal stress Key Points:
First coral-Sr/Ca record from this region, which has strong monsoonal influence Coral-Sr/Ca records monsooninduced summer cooling of surface water temperatures Thermal-stress during some major El Niño years suppresses the summer Sr/Ca peaks Supporting Information: Supporting Information S1 Figure S1 and/or bleaching associated hiatuses in coral growth have been reported by Suzuki et al. [2003] ; Lough [2008] ; Cantin et al. [2010] ; D'Olivo et al. [2013] ; and others. Several studies have also documented the influence of interannual SST anomalies associated with both the warm and cold phases of the ENSO on coral geochemistry in the Pacific and Indian Oceans [e.g., Evans et al., 1999; McCulloch, 2001, 2002] . The annual mean SST in the Lakshadweep Sea has increased from 28.58C in 1985 to 28.98C in 2005 [Vivekanandan et al., 2008] . Considering a broader region, a steady SST warming of the tropical Indian Ocean during the last five decades has been reported by various researchers at a rate of about 0.5-18C [Alory et al., 2007; Alory and Meyers, 2009; Yu et al., 2007; and others] . A recent study by Roxy et al. [2014] reveals that the western tropical Indian Ocean has been warming, at a faster rate than any other tropical region of the oceans.
The Indian subcontinent has a distinct monsoon pattern; the SW monsoon and the Northeast (NE) monsoon. The SW monsoon occurs from June through September accounting for about 80% of rainfall in India and is a prime requirement for Indian agriculture. A delay of a few days in the monsoon arrival or early withdrawals can result in drought episodes, which negatively affect the economy [Aijaz, 2013] . During midOctober to December there is a reversal of winds from SW to NE directions accompanied by rainfall activity. Dry cold winds from the NE directions pick up moisture from the Bay of Bengal and release it over the southeast Indian Peninsula, which generally receives less rainfall during the SW monsoons. These are known as the NE or retreating monsoons. The SW monsoon passes over the Arabian Sea during its journey from the Indian Ocean to the Indian subcontinent, affecting the islands of the Lakshadweep Archipelago. In the western equatorial Indian Ocean and Arabian Sea, the SW monsoon causes summer cooling of surface and subsurface waters due to wind induced upwelling [Rao and Sivakumar, 2000; Vinayachandran, 2004; Pfeiffer and Dullo, 2006] . Pillai [2001] reports upwelling in certain localities of these islands during the period from November to March due to diverging current systems. Wiggert et al. [2005] observed increased rate of primary productivity in the Arabian Sea as a result of surface layer nutrient enrichment during the monsoons. More importantly, the summer surface water temperatures in the Arabian Sea are reduced by an order of 3-48C resulting from SW monsoon induced vertical mixing [Chakraborty and Ramesh, 1993; Luis and Kawamura, 2004] . This reduction in temperature is recorded in corals from this region, as evidenced from previous isotopic studies (d 18 O) of Porites sp. [Chakraborty and Ramesh, 1992 Ahmad et al., 2011] and Favia speciosa [Chakraborty and Ramesh, 1998 ].
Although the Lakshadweep Archipelago is a climatologically active region with strong monsoonal influence, little is known about the climate variability in this region on longer time scales. Amongst the various coral colonies found around these islands, Porites sp. are the most common, which grow at a rate of 1-2 cm/yr and form massive colonies. Massive Porites sp. corals have frequently been used as archives for highresolution paleoclimatic reconstructions [Smith et al., 1979; P€ atzold, 1984; Beck et al., 1992; Chakraborty and Ramesh, 1993; Pfeiffer and Dullo, 2006; Ahmad et al., 2011; Cahyarini et al., 2014] . As instrument-derived observations cover only the last few decades, scleractinian Porites sp. corals are an ideal archive to retrieve much longer paleoclimatic and paleomonsoonal records from this region on high-resolution (monthly) time scales. The most important parameter for paleoclimatic studies is the seasonal-to decadal-scale variation of SST in the past, which is a crucial input variable for climate models.
The oxygen isotopic composition of coral skeletons depends on both, the temperature as well as the isotopic composition of surrounding seawater. The oxygen isotopic composition of seawater is affected by evaporation and precipitation and covaries with salinity [Weber and Woodhead, 1970, 1972] . To overcome this problem it has been demonstrated that Sr/Ca ratios in corals can be used as a proxy for SST independent of salinity [Weber, 1973; Smith et al., 1979; Beck et al., 1992] . The basic assumption is that coral-Sr/Ca varies with temperature and that the composition of Sr and Ca in seawater is invariant on millennial timescales due to their long residence times in the ocean [Beck et al., 1992] . Hence, the Sr/Ca ratio in coral skeletons is considered a reliable proxy for deriving high-resolution records of past SST [Shen et al., 1992 [Shen et al., , 1996 McCulloch et al., 1994; Alibert and McCulloch, 1997; Wei et al., 2000; Swart et al., 2002; Zinke et al., 2004 
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Study Area and Coral Sampling
The Lakshadweep Archipelago in the Arabian Sea, our study area ( Figure 1a ) is one of the world's most spectacular tropical island ecosystems and is located at a distance of about 200-400 km from Kozhikode on the Malabar Coast in the Kerala state, Southwest (SW) India [James, 2011] . The archipelago consists of 36 small islands [James, 2011] and a total of 103 species of corals were identified by Pillai and Jasmine [1989] from the lagoon area of these islands. This region is climatologically dynamic with major surface ocean currents in its vicinity, i.e., the West India Coastal Current (WICC), the Northeast Monsoon Current (NMC), and the Southwest Monsoon Current (SMC). The flow regime of the WICC along with the NMC away from the equator in the month of January (maximum) forms the Lakshadweep High (LH) (Figure 1b) , and the movement of the WICC along with the SMC toward the equator in the month of July (maximum) forms the Lakshadweep Low (LL) (Figure 1c ) [Shankar et al., 2002] . The NE and SW monsoon in this region are associated with distinct wind patterns (Figures 1d and 1e) blowing from NE and SW directions, respectively. Kavaratti Island, the capital of the Union Territory of Lakshadweep, lies between 10832' and 10835' N latitude and 72835' and 72840' E longitude (Figure 1a ). It has a surface area of 4.22 sq km and a lagoon area of 4.96 The core measuring 353 mm in length and 50 mm in diameter was cut longitudinally into two equal halves and split further to generate slabs measuring 7 mm in thickness. The working slab was first rinsed with fresh water and then ultrasonically cleaned (three times) using deionized water for 15 min. It was then chemically treated overnight to remove organic materials by using 1:1 mixture of Milli-Q water and Sodium Hypochlorite (NaOCl) in a closed plastic box kept under a laminar flow hood. Afterward, the samples were rinsed again with free flowing Milli-Q water, then cleaned ultrasonically (using Milli-Q water) 3 times for 10 min to remove any remnant solution. Finally, the samples were dried in an oven at 408C for 15 h. The slab was x-rayed in order to expose the annual density banding couplets related to the non-monsoon and monsoon seasons. Powder samples were recovered along the major growth axis using a low-speed micro drill (Proxxon) with 0.8 mm diameter drill bit with a sampling resolution of 14-16 samples/growth year.
Instrumental Data Sets Used in This Study
The various SST data products used in this study are: Improved Extended Reconstruction of SST (ERSST. v3b) [Smith et al., 2008] , Reynolds OI v2 SST [Reynolds et al., 2002] , International Comprehensive OceanAtmosphere Data Set SST (ICOADS SST 2.1) [Worley et al., 2005] and the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST1) [Rayner et al., 2003] . The ERSST (28 grid), Reynolds (18 grid), ICOADS (28 grid) and HadISST (18 grid) data were obtained using the online tool Climate Explorer (http://climexp.knmi. nl). High-resolution MODIS-Terra SST (4 km spatial resolution) was obtained for the available time period of 2000-2008 (data source: http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id5ocean_ month). The NOAA AVHRR daily SST data sets used to calculate the degree heating weeks (DHW) in the study region were obtained from the online source: http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.OISST/. version2/.AVHRR/. Local air temperature data from Aminidivi Island (Amini AT), located 60 km from the coral sampling site, were used for comparisons with the regional SST records. Table 1 summarizes the basic statistics of all temperature products. The Nino3.4 index was obtained from NOAA National Weather Service, Climate Prediction Center (http://www.cpc.ncep.noaa.gov) based on Kaplan SST data: Kaplan et al. [1998] . The precipitation data set was also obtained from the online tool Climate Explorer (http://climexp.knmi.nl) [Schneider et al., 2014] . The All India Rainfall (AIR) and Western Peninsular Indian Rainfall (WPIR) data sets were downloaded from the website of the Indian Institute of Tropical Meteorology, Pune (http://www. tropmet.res.in) [Sontakke et al., 2008] .
Analytical Method for Coral-Sr/Ca
The powdered samples were analyzed for molar (Sr/Ca) ratios using an ICP-OES (SPECTRO Ciros SOP) at the University of Kiel following the analytical techniques by Schrag [1999] and de Villiers et al. [2002] . The sample solution was prepared by dissolving approximately 300 mg of coral powder in 1 ml subboiled 2% HNO 3 (v/v). The working solution was prepared by serial dilution of the sample with 2% HNO 3 to get a Ca concentration of 8 ppm. The Sr and Ca lines used for this study were 407 and 317 nm, respectively. An in-house coral standard (Mayotte 5a, 8.9916 mmol/mol Sr/Ca), bracketing batches of 6 samples, was used for instrumental drift correction which was typically <2%. Average internal error of 5 replicate Sr/Ca determinations per sample was <0.08% relative standard deviation (RSD) or <0.01 mmol/mol (1r, n5440). External error of Sr/Ca ratios estimated from replicate measurements on the same day and on consecutive days is <0.08% RSD (1r, n544) . Accuracy was monitored by analyzing the Porites coral standard JCp-1 as an unknown giving Sr/Ca 8.86 6 0.01 mmol/mol (n54) which compares to 8.84 6 0.09 mmol/mol as average from an international inter-laboratory comparison [Hathorne et al., 2013] .
Coral Chronology
The coral-Sr/Ca raw data (supporting information Figure S1a ) show two seasonal extremes, which correspond to the maximum and minimum temperature in the study region. The age chronology was developed in a two-step approach. In the first step, years were assigned to the raw Sr/Ca data based on the time of recovering the coral core (February 2009). The first summer peak was assigned 2008 and sequentially counted backward in time until 1981 (the last peak of this core). To accomplish the first step we referred to the annual density banding couplets from the x-radiography (supporting information Figure S1b ). For comparing and correlating our Sr/Ca data (which has varying sampling points in different years) with various climatological data on a monthly scale, we performed a simple linear interpolation using the commonly used peak matching method [Cahyarini et al., 2014] in the Analyseries software [Paillard et al., 1996] . The ERSST [Smith et al., 2008] was used as reference, due to the nonavailability of point SST data from the Kavaratti Island. The lowest and highest Sr/Ca values were peak-matched with the highest and lowest ERSST values (for any particular year) for the whole time series and the proxy-Sr/Ca chronology was built on a monthly scale. The uncertainty of this age model is approximately 1-2 months in any given calendar year as the instrumental (ERSST) highest and lowest temperature peaks vary between April-May and August-September, respectively. We present here 27 years of coral-Sr/Ca ratios extending from March 1981 to June 2008.
Results
SST Variability in the Study Region
Significant correlations were observed between the different temperature data sets (R 5 0.51-0.98: p<0.001; Table 2 ). The gridded SSTs are lagging the Amini AT by 1-2 months (Figure 2a ). All the above data sets show climatological summer maximum values above 308C (Table 1) . The highest and lowest temperatures for gridded SSTs are observed in the months of May and August respectively (Figure 2a) . The highest climatological seasonal range of 2.88C is observed in MODIS-Terra SST, which has the highest spatial resolution of 4 km amongst the various SST data sets used in this study (Table 1) . We notice, a gradual increase in temperature from August of any particular year to May of the next year (a total of 9 months), and a sharp fall from May to August of the same year. Additionally, the temperature data sets show intraseasonal secondary highs and secondary lows (SHSL) between August and January (period of 5 months) in both the climatological data (Figure 2a ) as well as in individual years ( Figure 2b ). The secondary positive and negative excursions occur in the months of November and January, respectively (Figures 2a and 2c) , and have amplitudes >0.658C for gridded SST data sets and 0.258C for the Amini AT.
Coral-Sr/Ca Records and Calibration With SST
In spite of the occurrence of the SHSL in all years in the SST records (Figure 2b ), the coral-Sr/Ca shows only a subtle SHSL peak in any given year except for the years 1988, 2006, and 2007 , where it is clearly visible (supporting information Figures S1a and S1c). As demonstrated by Gagan et al. [2012] coral proxy records are often attenuated during skeletogenesis, which extends over the entire living tissue layer, and this may limit their temporal resolution on subseasonal time scales. However, the raw coral-Sr/Ca record displays clear seasonal cycles (in any given year) with a prominent minimum and a maximum value (supporting information Figure S1a ) corresponding to the highest and lowest SSTs respectively (supporting information Figure S1c ; proxy Sr/Ca data). Table 3 compares the calibration equations between coral-Sr/Ca ratios and several SST data sets on monthly and annual mean scale and for extreme values. All the equations have been computed using Ordinary Least Squares (OLS) regression, as this approach is commonly used for asymmetric relationships [Smith, 2009] . The coral-Sr/Ca bears an asymmetric relationship with the SST, as it Figure 2 . (a) Seasonal SST variability derived from various instrumental data sets in the study region of Lakshadweep Archipelago (The climatological data set from January to December is repeated; highlighted in light green). The maximum (Max T) and minimum temperature (Min T) months are highlighted. The area inside the circle shows the secondary highs and secondary lows (SHSL) occurring between August and January (period of 5 months). Different SSTs used are ERSST.v3b, [Smith et al., 2008] ; HadISST1 [Rayner et al., 2003] ; ReynoldsOIV2SST [Reynolds et al., 2002] ; MODIS (http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id5ocean_ month); ICOADS [Worley et al., 2005] ; and Amini AT, India Meteorological Department, Pune, India. Table 3 ) fall within the range of earlier data sets compiled by Swart et al. [2002] and Corr ege [2006] . The annual coral-Sr/Ca record is not significantly correlated with the annual SST gridded data, which have coarse spatial resolution, but shows a weak correlation with Amini AT (R5 20.22), the nearest available local air temperature data set. The lack of annual correlation of coral-Sr/Ca with the gridded SSTs is discussed in section 4.2.
Southwest Monsoon Cooling
The climatological ERSST data show a sharp drop of 2.38C from May to August, which coincides with the onset and continuation of the SW monsoon in the study region (Figure 2c ). The coral-Sr/Ca record follows the same trend indicated by increasing values from May to August (Figure 2c ). We investigated the potential of this coral to track monsoon-induced summer cooling in this region by comparing the relationships between coral-Sr/Ca and rainfall data from India for the SW monsoon months; June-September [Sontakke et al., 2008] . The correlation coefficient between coral-Sr/Ca and All India Rainfall (AIR) is 20.39; p<0.05 ( Figure 3a ). As the AIR is an average over entire India (total rainfall from both SW and NE monsoons), we decided to additionally use Western Peninsular India Rainfall (WPIR) data. The WPIR region is located in the direct pathway of the SW monsoon from the Indian Ocean to the Indian subcontinent and is closer to the Lakshadweep Archipelago. The correlation increases (R 5 20.61, p<0.01, Figure 3a ) when using the WPIR. Additionally, we checked the potential of this coral to track SST changes in the whole Arabian Sea (58S to 208N and 508E to 728E) resulting from SW monsoon precipitation. We compared the climatological SST (calculated from Reynolds OISST) of the Arabian Sea with coral-Sr/Ca for the time period 1982-2008 (Figure 3b) . A significant correlation (R5 20.98, p<0.05) is observed for the time period from April to September, which covers the peak summer (April-May) and the SW monsoon months (from end of May or early June-September).
Finally, we compared our coral-Sr/Ca to a coral d
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O record published by Pfeiffer and Dullo [2006] (here after PD2006) from the Seychelles; 558E, 48S. We have 12 years of data (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) in common. In the first step, we compared the climatological SST for the time period 1981-1993 obtained from ICOADS for both regions (Kavaratti: 71-738E and 9-118N; Seychelles: 54-568E and 3-58S). The correlation coefficient between the SST from the two regions is 0.75; p<0.01 (Figure 3c ). The annual correlation value between the coral d 18 O of Figure 3d ). We note that the strong cooling event of 1984 is prominently recorded in coral data sets of both regions: Kavaratti (this study) and the Seychelles record (studied by PD 2006) (Figure 3d ).
Anomalous Coral-Sr/Ca Values in Some Years
The raw coral-Sr/Ca summer-peak data of years 1987, 1992, 1993, 1998, 1999, and 2008 (corresponding to peak numbers 22, 17, 16, 11, 10 , and 1 in supporting information Figure S1a) show the highest values on the record. It is noted here that we are not relying on the coral-Sr/Ca data of peak 1, which represents the last summer peak before the coral was sampled in February 2009. We looked into more details by overlapping the average summer (March, April, May) SST (obtained from Reynolds OISST), and average summer (March, April, May) coral-Sr/Ca data sets (Figure 4a ). In addition, Nino3.4 positive temperature anomalies were also plotted in the same figure  (Figure 4a ) as the western Indian Ocean normally warms during El Niño years and this warming has been reported to be more persistent compared to non-El Niño years [McClanahan et al., 2007] . Studies by Zhang et al. [2013] reveal that grid-SST alone may sometimes underestimate the SST warming on a reef scale during major climate anomalies. We observe that the average-summer-SST of the years, 1992 years, , 1993 years, , and 1999 ) are relatively cool and remain below the summeraverage (29.78C) of the studied time interval. Hence the higher summer-coral-Sr/Ca values are indicating relatively cold SSTs in those years (supporting information Figure  S1a and Figure 4a ). In addition, a positive Sr/Ca anomaly is seen in the year 1998, which is significant, and also possibly in the years 1987 and 2003 (Figure 4a ). The year 1987 shows a reduced seasonality in coral Sr/Ca (supporting information Figure  S3 ) whereas the year 2003 has an above average seasonal range (supporting information Figure S3 ). In spite of this above average seasonal range in 2003, the coral Sr/Ca (summer-average), in this year, indicates colder conditions, which is in contrast to the high summer-average SST ( Figure 4a ). Interestingly, these years (1987, 1998, and 2003) have high summer-average SSTs, which are above the local summer-average of the time interval studied (Note that the March-May average shown in Figure 4a appears relatively low during 1987, as March SSTs were low: in the following April and May SSTs rose above the maximum monthly mean (MMM) (Figure 4b) ). The 1987 The , 1998 warming coincides with positive temperature anomalies (>18C) of the Nino3.4 region (Figure 4a ). The other years marked by similar ENSO positive temperature anomalies are 1983, 1992, and 1995. However, in these years, the local summer-average SSTs at Kavaratti Island are below the summer-average of the studied time interval ( Figure  4a ). 1998 shows a clear stress band in the coral core and the annual growth rate is very low (supporting information Figures S2 and S1d, respectively). To investigate further and to identify years with thermal stress, we generated the coral bleaching HotSpots [NOAA Coral Reef Watch, 2000] using Reynolds OISST data sets (Figure 4b ). The HotSpot index crosses 18C in 1998, the highest value in the studied time interval (Figure 4b ). Finally, we calculated the coral bleaching degree heating weeks (DHW) [NOAA Coral Reef Watch, 2000] , and degree heating months (DHM) [Donner et al., 2005] plots using NOAA AVHRR daily and Reynolds monthly SST data sets (supporting information Figures S4a and S4b) to assess the degree of stress that the coral is undergoing during the studied time interval. Both cases indicate high stress in 1998: the maximum DHW and DHM values reached 3.58C-week, and 1.48C-month, respectively (supporting information Figures  S4a and S4b ) and the positive temperature anomaly (HotSpot) crossed 18C (Figure 4b) . In 1987 and 2003, maximum summer SSTs were also elevated relative to the mean, but they remained below the threshold of coral bleaching. In addition to the positive Sr/Ca anomalies, we observe negative Sr/Ca anomalies in the years 1983 , 1989 , and 1990 . The seasonality of all the above mentioned years with negative Sr/ Ca anomalies is below the average (supporting information Figure S3 ).
Discussion
Monsoon Dynamics Recorded by the Coral
The SW monsoon accounting for about 80% rainfall over India is highly important to Indian agriculture and society. At Lakshadweep Archipelago, our study site, the onset of the SW monsoon in June causes a sharp decrease in summer temperature on the order of 2-48C [Chakraborty and Ramesh, 1993; Ahmad et al., 2011] .
The increasing values of our coral-Sr/Ca record from May to August (Figure 2c ), following the ERSST trend and coinciding with the SW precipitation months, are a robust indicator of monsoon-induced sea surface temperature cooling in the study region. The significant correlation of the coral-Sr/Ca and the WPIR ( Figure  3a) for the SW monsoon months (from June to September) indicates the strong potential of Porites from this region to track SW monsoon activity. Our findings are in agreement with the results of Vecchi and Harrison [2004] , who indicated a strong relationship between Western Ghats rainfall and Arabian Sea SST. Additionally, we observe that coral-Sr/Ca also faithfully captures the monsoon-induced summer temperature cooling in the whole of Arabian Sea (Figure 3b ), a feature observed by Pfeiffer and Dullo [2006] in their Seychelles coral record. Considering a broader region, using our results from Kavaratti (this study) and Seychelles (PD2006), we notice that the Kavaratti SST is lagging the Seychelles SST by 1 month (Figure 3d ), which is a direct result of the variation in the onset of SW monsoon in India, which is known as the Southeast monsoon in Seychelles [Payet and Agricole, 2006] . Interestingly, the significant correlation observed between the coral records of Kavaratti and Seychelles (Figure 3d ) on interannual time scales, confirms that our coral-Sr/Ca does record large-scale climate variability induced by the SW monsoon. Based on these results we suggest that larger Porites coral colonies in this region have the potential to record local, regional and longer paleo-monsoon variability, possibly extending back in time for several centuries.
Influence of Thermal Stress Events on Coral Proxies
The study site is located in a region where the annual mean SSTs have warmed at a rate of 0.28C per decade from 1985 to 2005 [Vivekanandan et al., 2008] . It was observed by PD2006 that the present mean SSTs in the western Indian Ocean are highest ever since at least the 1950s, and probably since the 1840s. Recently, Roxy et al. [2014] have reported warming of 1.28C in the western Indian Ocean for the time period 1901-2012. The steady warming of SST at the study site and adjacent regions might be inducing thermal stress on corals, which grow in the lagoon areas of these islands. In addition, prolonged higher temperatures during El Niño years might induce additional thermal-stress that may lead to episodical coral bleaching. Coral bleaching in the Lakshadweep Sea has been reported in the year 1998 due to abnormally high SST associated with the strong 1998 El Niño event [Wilkinson et al., 1999; Vivekanandan et al., 2008] . The bleaching event associated with this strong El Niño event is clearly recorded in the coral as a stress band (supporting information Figure S2 ) with exceptionally low annual growth of only 4 mm in this year (compared to average annual growth of 13 mm for the entire record, supporting information Figure S1d ). Thus, it is evident that some (major) El Niño events have a larger effect on the coral growth (supporting information Figures  S1d and S3 ) and geochemistry ( Figure 4a ) than others, which are less well recorded. The monthly SST in May 1998 reached a record high of 31.18C, which is 18C above the MMM of 30.18C in the study region (Figure 4b) . The highest HotSpot value of >18C in the month of May 1998 (Figure 4b ) apparently stressed the coral, which resulted in the dampening of the Sr/Ca signal ( Figure 4a and supporting information Figure  S1a ). The other years with positive Sr/Ca anomalies, 1987 and 2003 (Figure 4a) , are also influenced by SSTs that are higher than the MMM in the study region (Figure 4b) . The x-ray of the coral core does not show any evidence of bleaching in these years. However, Cantin et al. [2010] have shown that even apparently healthy corals respond to elevated SSTs with reduced growth. Based on our studies we suggest the following: (A) The coral-Sr/Ca is affected by the increasing SSTs in this region that are often associated with strong and persistent El Niño events. We therefore argue that warm El Niño years are primarily responsible for the weak correlation between coral-Sr/Ca and grid-SST on an annual mean scale. Our coral Sr/Ca record misses three prominent SST maxima and tends to show a relationship opposite to the normally negative Sr/Ca-SST correlation in these years. A similar loss of reconstruction skill was also reported by Damassa et al. The coral is prone to bleaching when the monthly mean SST crosses the bleaching threshold SST in this region, which is possible when the HotSpot value is 18C (Figure 4b) . The bleaching threshold SST in our study area is 31.18C (Figure 4b : calculated using Reynolds OISST monthly data sets). A total of 15 years out of the studied 26 years have HotSpot values ranging between 0 and 1 (Figure 4b) , indicating that the region is under stress (level: ''bleaching watch'') [NOAA Coral Reef Watch, 2000] . The year 1998 was highly stressed reaching the stress level ''possible bleaching'' [NOAA Coral Reef Watch, 2000] , which is defined by: 1 HotSpot and 0 <DHW<4 (Figure 4b and supporting information Figure S4a ).
Temporal Stability of ENSO Dampening in Coral-Sr/Ca
Previous studies have suggested that external forcing from the tropical Pacific has a persistent influence on interannual-scale SST variability in the Indian Ocean: El Niño causes basin wide warming in the western Indian Ocean following peak El Niño conditions [e.g., Hastenrath and Greischar, 1993; Cole et al., 2000; Marshall and McCulloch, 2001; McClanahan et al., 2007; Izumo et al., 2012] . This means that thermal stress due to ENSO events is a recurrent problem for western Indian Ocean corals and coral reefs [McClanahan et al., 2007] . We test this by performing spectral analysis of our coral-Sr/Ca data, which was carried out using the Multi Taper Method (MTM) in order to visualize the dominant frequencies in the proxy time series [Vautard et al., 1992] (Figure 5a ). Sr/Ca proxy data were detrended and the monthly mean was removed before spectral analysis. It appears that interannual variability in coral-Sr/Ca is dominant at the 5-5.3 and 8.5-9 year bands (99% significance level (SL)) and at 3.9, 4.3-4.6, 5.3-5.5, and 7 year bands (95% SL, Figure 5a ). Additionally, cross-MTM spectra between the Nino3.4 index (DJF) [Kaplan et al., 1998 ]) and coral-Sr/Ca (annual) shows coherence between time series at the 3.6-3.8 year band (95% SL, Figure 5b ). This may indicate that there could be a persistent relationship between the coral-Sr/Ca and ENSO, in the sense that the El Niño-induced warming coincides with anomalously high Sr/Ca, e.g., El Niño warming is missed by the coral on a regular basis (note that spectral coherence is not affected by the sign of a relationship), albeit the relationship is weak. The observed variability in coral-Sr/Ca and coherence to the Nino3.4 index provides additional evidence that the adverse affect of El Niño on coral geochemistry is a recurrent feature over the time period covered by our coral-Sr/Ca record. It appears that El Niño-related warming regularly biases summer coral-Sr/Ca toward higher values.
Conclusion
We present the first high-resolution monthly resolved coral-Sr/Ca record from the southeastern Arabian Sea, a region with strong influence of the SW monsoon. The record extends from 1981 to 2008 and coral-Sr/ Ca ratios, an established geochemical proxy, allow us to reconstruct past climate variability. In the MTM analysis we used 3 tapers, resolution is 2 and significance is tested against red noise. The rectangular transparent boxes mark the dominant variability time periods. (b) Crossspectral analysis between Sr/Ca (annual) and Nino 3.4 (DJF) shows coherence at 3.6-3.8 year band (significant at the 95% level). Nino 3.4 index from NOAA National Weather Service, Climate Prediction Center (http://www.cpc.ncep.noaa. gov) based on Kaplan SST data: Kaplan et al. [1998] .
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The coral Sr/Ca-based SST reconstruction shows that Porites lutea corals faithfully capture the SW monsooninduced summer temperature cooling of the order of 2.38C at the study site. Coral-Sr/Ca also shows a strong and significant relation with the Arabian Sea SST for the combined peak-summer and SW monsoon months implying the coral's ability to track SW monsoon-induced summer temperature cooling on a larger scale. Additionally, coral-Sr/Ca shows a strong and significant correlation with the Western Peninsular Indian Rainfall, suggesting that longer coral records from this region might be potentially used for the long-term reconstruction of past monsoon dynamics.
During some years, which coincide with major El Niño events, anomalously warm SSTs impair the coral's ability to record full scale warming, leading to a dampening of the temperature signal in coral-Sr/Ca, i.e., suppressed summer peaks. Modern geochemical proxy records from corals across the tropics that survived the strong 1998 bleaching event or similar past events might have been affected by similar cold biases. Areas historically more often affected by thermal stress could have potentially accumulated a history of past bleaching related growth perturbations in geochemical profiles far earlier than 1998. This, in turn, could have led to false identifications of long term cooling trends in coral proxy SST reconstructions.
The frequent occurrence of HotSpot values ranging between 0 and 1 indicates that this region is under thermal stress conditions (level: ''bleaching watch''). The bleaching threshold SST in this region is 31.18C, which is 18C higher than the maximum monthly mean of the study area.
Generating and understanding longer paleoclimatic and paleo-monsoon records from this region that may extend further back in time into the preindustrial era would be highly useful to assess the regional variability of monsoonal changes and impact. In addition, longer coral records from this particular region, where the SSTs show a steady upward trend may help to study the effects of rising temperatures on massive corals at other sites that will be increasingly affected by global warming in the near future. 
